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Dr. Austin's paper provides an overview of the physical characteristics
of geothermal resources. Among the topics he discusses are the heat sources
for geothermal occurrences, the process of heat accumulation, the geometric
variables surrounding a real geothermal heat source, exploration for geothermal resources and the production and utilization of geothermal fluids.

TECHNICAL OVERVIEW OF
GEOTHERMAL RESOURCESt
Carl F. Austin*
INTRODUCTION

In order for the development of geothermal resources to
proceed in an orderly and economical manner, both from a
technical and from a regulatory point of view, the participants in the geothermal industry must all have a clear understanding of what a geothermal resource is, and how the resource will respond to production. What is a geothermal resource? White, in 1973 stated: "Geothermal resources derive
from the distribution of temperatures and thermal energy beneath the earth's surface". 1 This is certainly a valid statement, yet it does not really tell us what the resource is beyond the fact that the resource is the result of variations in
heat distribution within the earth. In a more practical sense
in the same text Combs and Muffler stated:
Broadly considered, geothermal resources are the natural heat of the earth's crust. This natural energy is
economically significant however, only where it is
CopyrightVl
1977 by the University of Wyorning
j-This article was originally published in the Rocky Mountain Mineral Law Founda
tion's Geothermal Resources Development Institute. Reprinted with permission.
*Head, Geothermal Utilization Division, Naval Weapons Center, China Lake, Cali
fornia; Ph.D, 1958, University of Utah.
1. White, CHARACTERISTICS OF GEOTHERMAL RESOURCES, 1 Kruger & Otte, eds
1973 Ehereinafter cited as GEOTHERMAL RESOURCES].
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concentrated into restricted volumes in a manner
analogous to the concentration of valuable metals
into ore deposits or of oil into commercial petroleum
reservoirs.

Combs and Muffler specifically answered the question of
what a geothermal resource really is when they stated in the
same text: "The commodity being sought is heat."

A geothermal resource may be hot water, hot dry rock,
hot carbon dioxide, hot dry steam, or simply any hot geologic
material. The key factor is heat. As a specific example, it is
not the water in the geothermal fluid at The Geysers that is
the resource, it is the heat contained in and conveyed by the
water. The presence of water at The Geysers certainly affects
the economics of the deposit and is a convenient natural
means of transporting heat, within and from the deposit. But,
the presence of the water is not required for the resource. If
then we accept the concept that a geothermal deposit is an
accumulation of heat within the crust of the earth, we are in
a position to spend the bulk of this paper describing those
geologic processes that first of all provide heat. and more specifically accumulate that heat into a localized and concentrated deposit. Carrying our definitions one step further, we are
probably all familiar with the distinction in the hard minerals
industry between a mineral occurrence and an ore deposit,
with the latter term implying a size and grade of occurrence
that can be exploited with existing technology. The same
distinctions are valid with respect to natural heat accumulations. A geothermal occurrence is simply any anomalous accumulation of natural heat within the earth. A geothermal
deposit is an economically exploitable geothermal occurrence.
The key variables which determine the exploitability of a
given geothermal occurrence are presented below. Worth noting is the fact that all of these variables are interrelated so
that a decrease or increase in one variable can be offset by a
corresponding change in one or more of the other variables.
2. Combs & Muffler, Exploration For Geothermal Resources in GEOTHERMAL RESOURCES, supra note 1.

https://scholarship.law.uwyo.edu/land_water/vol13/iss1/2

2

Austin: Technical Overview of Geothermal Resources

1977

TECHNICAL OVERVIEW

Key Variables That Determine the Economic Exploitability
of a Geothermal Occurrence
1. Temperature
2. Presence of heat transfer medium (natural or injected)
(a) Environmental acceptability of heat transfer
medium per se
(b) Environmental acceptability of materials transported concomitant with heat
3. Presence of producible byproducts
4. Porosity of the zone of heat accumulation (the reservoir)
5. Permeability of the zone of heat accumulation
6. Depth to the zone of exploitation
7. Response of heat transfer medium to changes in pressure and temperature
8. Technologic state of the art of energy conversion
9. Net worth of a unit of heat at the surface
HEAT SOURCES
The heat for geothermal occurrences can come from a
number of geologically possible sources, but only one type of
source appears significant. This heat source is radioactive decay. All rock materials are radioactive to a greater or lesser
degree. Since radioactive decay produces heat, one can conclude that given adequate insulation all rocks are self-heating.
Table 1 presents the average rates of heat production for typical rock types, based on the following decay data: the uranium series yields 0.74 calories per gram per year, the thorium
series 0.20 calories per gram per year, and the potassium
series 0.000026 calories per gram of potash per year.
TABLE

1. Typical

Radioactive

Heat Production for

Common Rock Types.3

3.

Rock type

Calories per year

granite
gabbro
ultrabasic

6 x 10 -6 calories per gram per year
2 x 10 -6 calories per gram per year
0.1 x 10 - 6 calories per gram per year

BARTH, THEORETICAL PETROLOGY (1972).
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A quick perusal of the data of Table 1 shows that the
rocks comparable to granitics (granites and shales) are the
main heat producers, while the rocks of the deep oceans and
the sub-crustal environment are very low in heat production.
We can also conclude that rocks heated faster in the geologic
past since natural decay has reduced the rate of heat production and that granitic rocks and their sedimentary equivalent
(shales) could melt themselves in a fairly short geologic time
span if well insulated.
In addition to radioactive decay which is a world-wide
phenomenon, geothermal heat can accumulate as the result
of less ubiquitous processes. The hydration of evaporite salts,
an exothermic chemical reaction, is a possibly widespread
process that has been proposed. Frictional forces within
zones of intense faulting, folding, or compaction can result
in locally intense heating which would be superimposed on
the heat flow of the region per se.4 Additional minor processes that appear to be of limited significance include the
oxidation of sulfides and the oxidation of hydrocarbons.5

PROCESSES OF HEAT ACCUMULATION
Geothermal occurrences throughout the Western United
States appear at first glance to present a great deal of diversity
in form and chemistry. On a careful second look, however,
similarities begin to become quite apparent; indeed, genetic
similarities become overwhelmingly apparent. Let us take
what appears to be a typical geothermal situation and examine it in some detail. Figure 1 presents a generalized outline
for a geothermal deposit.' The geologic "trigger" is a speculative hot spot in the mantle, the origin of which is obscure
but appears related to deep structural features. Nearer the
surface and generally not speculative is the intrusion of silicic
magma with possible young silicic eruptions on the surface.
This model appears to be the typical generalized geothermal
4. Henyey & Wasserburg, Heat Flow NVear Miajor Strike-Slip Faults in California, 76
5.

6.

J. GEOPHYSICAL RESEARCH 7924 (1971).
Peele & Church, Mine Firesin 2 MINING ENGINEERS HANDBOOK (3d ed. 1950).

Upton, Combs, Duffield & Austin, The Coso Geothermal Project Technical Report
No. 1, in CENTER FOR ENERGY STUDIES (1976).
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occurrence. The surface signature may be a caldera (Yellowstone, Long Valley) 7 as the result of major eruptions and depletion of the upper heat and magma; a ring fracture without
the development of a caldera (Coso) 8 suggesting the system
is quite shallow; and less and less definitive intrusive zones
(The Big Geysers, Cerro Prieto, etc.). 9 The presence of an
intrusive comprised of a silicate melt, or at least a crystalline
mush, allows a number of processes to take place. Within the
intrusive itself, volatiles collect in the upper portion as the
result of well known physical chemical processes. This fluid
flow pattern is shown idealized in Figure 2." The net result
of this is an increase in the volatile content of the upper zone
of the incipient intrusive. This increase in volatiles, largely
water gathered from the surrounding host rock, gives rise to a
molten condition; i.e., aqueous silicate melts are mobile at a
lower temperature than anhydrous silicate melts. Given continued mobility, the magma (now mobile) can move upwards,
creating a doming of the overlying host which in turn causes
tensile fracturing and allows volcanic activity to occur at the
surface. This is shown in Figure 3. In Figure 3, note the portrayal of the pumice ring surrounding the perlite dome at the
surface. This is a typical result of an early high volatile, highly fluid eruption, followed by volatile depletion and an eruption indicative of rapidly increasing viscosity with fluid loss.
Given an increasing volume of eruption, the final stage would
be a massive expulsion of volcanics with collapse to a major
residual cladera as seen in Figure 4. At this point the system
may cool and die, or the system may undergo a repeated life
cycle, all or in part, depending on the duration of the deep
heat system.
At this point in our discussions we should become aware
of the influence of the type of intrusive upon the geochemis7. Christiansen & Blank, Volcanic Stratrigraphy of the Quaternary Rhyolite Plateau
in Yellowstone National Park, U.S. GEOLOGICAL SURVEY PROFESSIONAL PAPER

729-B (1972); Bailey, Dalrymple & Lanphere, Volcanism, Structure and Geo-

chronology of Long Valley Caldera, Mono County, Cal., 81 J. GEOPHYSICAL RE-

8.

SEARCH 725 (1976).
Duffield, Late Cenezoic Ring Faulting and Volcanism in the Coso Range Area of
Californiain 3 GEOLOGY 355 (1975).

9.

Austin, Austin & Leonard, Geothermal Science and Technology - A National Pro-

gram (NWC-TS 45 029-72) reprinted in Geothermal Energy Resources and Research: Hearings Before the Senate Committee on Interior and Insular Affairs

(Serial 92-31 1972).
10.

Kennedy, Some Aspects of the Role of Water in Silicate Melts, in CRUST OF THE

EARTH 489-503 (Geological Society of America Special Paper 62, 1955); Lovering,
Rock Alteration as a Guide to Ore-East Tintic District, Utah in ECONOMIC GEOL.
OGY MONOGRAPH 1 1949).
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try of the mobilized melt, and at the same time of the effect
of the surrounding host geology upon the intrusive system.
Inherent in the emplacement and cooling of mobilized siliceous melts is the movement, accumulation and finally the dispersal and dissipation of large, indeed, vast volumes of hydrothermal (i.e., geothermal) fluids. These fluids, if left to run
their course with the passage of time, are the fluids which re-

FIGURE 1. Generalized Cross Section of a Geothermal Deposit in the Western United States Based on the Model Prepared by Duffield.

FIGURE 2. Upper Margin of Granitic Intrusion Collects Water as the Intrusive Essentially Solidifies From the Bottom
Up and Inner Core Outward, Leaving the Top the Most Mobile Zone, With the Intrusive Acting Much Like a Giant
Pump.

https://scholarship.law.uwyo.edu/land_water/vol13/iss1/2
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FIGURE 3. An Idealized Cross Section of a Developing Geothermal Occurrence at the Time the Fluid Uppermost Intrusive has Domed the Surface and Erupted Along Fractures to
Form Perlite Domes. Arrows show circulation of fluids.

FIGURE 4. Terminal Stage of a Geothermal System. Intrusion has vented massively, expelling much heat, volatiles and
hot rock. The remaining system may cool, or if a seal develops it may renew its activity. The collapse debris may
make a good reservoir.
sult in epigenetic ore deposits. This relationship, the concept
that a hydrothermal mineral occurrence and, more specifically, an ore deposit represents a "fossil" geothermal, gives the
budding geothermal industry a two-fold advantage. The first
of these is that there is a great body of literature on the
origin, dispersal, and geochemistry of ore forming fluids as

Published by Law Archive of Wyoming Scholarship, 1977
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the result of the great economic incentives attached to understanding epigenetic ore forming processes. The second of
these is that the study of a given ore deposit whose parent intrusive, host, and geochemistry match some given present-day
geothermal occurrence can provide a detailed understanding
of geothermal reservoir characteristics. Such characteristics
include host rock/geothermal fluid interactions, fluid zoning surrounding heat sources both with the passage of time
and with distance, 2 the geographic zoning of intrusives and
their associated hydrothermal (geothermal) fluids, 3 and the
genetic and spacial relationships between geothermal (hydrothermal) processes and intrusive phenomena. 4 The genetic
and spatial relationships between hydrothermal systems and
intrusives has been the subject of one of economic geology's
longer running controversies. The history of this is clearly
and succinctly spelled out in Crook's text on the origin of
ore deposits.15 This text is a reading must for those geothermal geologists who wish to avoid reinventing the wheel
because modem geothermal concepts can be traced in origin
to key concepts developed and presented steadily in the literature since the 1700's. The theories and concepts of hydrothermal ore formation, and hence of geothermal geology, are
not new.
Two further areas of specialized literature of genetic importance to be considered are the literature of fluid inclusions'6 and the literature of volcanic emissions.17 Fluid inclusions give us specific samples of geothermal fluids from
depth and from times past. Volcanic emissions give us examples of the volatiles that accumulate in the upper parts of
magma chambers where, if surface seals form, the same volatiles would be found in alteration zones and ore deposits or
11.
12.
13.
14.
15.
16.

Sales & Meyer, Wall Rock Alteration at Butte, Montana, 178 TRANSACTIONS OF
THE AM. INST. OF MINING AND METALLURGICAL ENGINEERS 9 (1948) [hereinafter cited as AIME TRANSACTIONS].
Graton, The Hydrothermal Depth Zones, in ORE DEPOSITS OF THE WESTERN
STATES 181 (Finch ed. 1933); Emmons, Primary Downward Changes in Ore Deposits, 70 AIME TRANSACTIONS 964 (1924).
Turneaure, Metallogenetic Provinces and Epochs, ECONOMIC GEOLOGY FIFTIETH
ANNIVERSARY VOLUME 38 (Bateman, ed. 1955).
Stringham, Relationship of Ore to Porphyry in the Basin and Range Province,
U.S.A., 53 ECONOMIC GEOLOGY 806 (1958).
CROOK, HISTORY OF THE THEORY OF ORE DEPOSITS (1933).
Newhouse, The Composition of Vein Solutions as Shown by Liquid Inclusions In
Minerals, 27 ECONOMIC GEOLOGY 419 (1932); Roedder, Fluid Inclusions as Samples of Ore Fluids in GEOCHEMISTRY OF HYDROTHERMAL ORE DEPOSITS (Barnes
ed. 1967).

17. White & Waring, Volcanic Emanations, in DATA OF GEOCHEMISTRY (6th ed.
1963).
https://scholarship.law.uwyo.edu/land_water/vol13/iss1/2
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in geothermal fluids depending on the relative age of the system.18
A second generalized type of intrusive system is that related to the subcrustal hot spot, without the overlying more
silicic magma formation. With this type of system, relatively
anhydrous molten rock low in silica moves rapidly to the surface of the earth through fractures. The amount of host rock
heated is very low; and unless a large accumulation occurs,
combined with the passage of time so that volatiles can accumulate in some subsurface system associated spatially with
the basaltic intrusive center, then the geothermal occurrences
will be very limited, and the chance for other than hot dry
rock not great. Figure 5 illustrates in cross section the idealized basaltic system of little potential and Figure 6 an idealized basaltic system with a geothermal potential. Basaltic systems have been discussed in the literature in detail, especially
in terms of plate tectonic concepts."
Of the non-magmatic heat sources, one that could result
in accumulations of heat is the hydration of dispersed saline
minerals. This process could result in broad areas of anomalous heat. The idea is speculative, but may lead to low grade
heat being found in large deposits.
/

FIGURE 5. A Basaltic System With Little Geothermal Potential--a Series of Basalt Flows and Basaltic Volcanoes
Aligned Along a Fracture.
18.
19.

White, Thermal Springs and Epithermal Ore Deposits, in ECONOMIC GEOLOGY
FIFTIETH ANNIVERSARY VOLUME 99 (Bateman ed. 1955).
Gillaly, Plate Tectonics and Magmatic Evolution, 82 GEOLOGICAL SOCIETY OF
AMERICA BULL. 2383 (1971).
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FIGURE 6. A Basaltic System Where an Extensive Shallow
Accumulation of Heat and Volatiles has Occurred in Conjunction With a Shallow Magma Reservoir. Extensive basic or
near-basic magma reservoirs may develop along ridges and
along subduction zones (island arc areas).
Non-magmatic heat that is the result of localized chemical reactions such as the combustion of sulfides or the combustion in situ of hydrocarbons may eventually prove to provide some heat commercially. In any event, those proposing
in situ combustion projects in particular, should ensure that
their projects do not become entangled in geothermal litigation; whether they are burning an oil shale or coal bed to recover gasses (including inevitably water vapor), recovering
hydrocarbons in concert with previously injected steam, or
planning to block-cave and burn a massive pyritic ore deposit.
Three additional types of geothermal systems should be
noted. These are metamorphic zones, geopressure systems,
and normal gradient systems. Metamorphic zone geothermal
systems are defined as those geothermals whose energy transfer media are the result of either regional or local metamorphic processes, which need not have any closely associated
igneous intrusive activity. Broad areas of regional metamorphism can be demonstrated for past geologic time, but by
their very nature (deep burial) they are beyond the present
state of the art in terms of location. (An example of a possibly non-magmatic but still controversial mineral system

https://scholarship.law.uwyo.edu/land_water/vol13/iss1/2
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might be the many Rhodesian copper deposits.2 The geopressure systems are those of the Gulf Coast where high pressure gasses and water are entrapped in deep accumulations
of young poorly consolidated sediments. Petroleum technology is best suited to the study and utilization of such deposits.2 1 The third type of deposit, the normal gradient systems, is really no deposit at all. Instead, simply drill until the
normal geothermal gradient provides a useful temperature.
Although this may prove to be ultimately attractive, the great
depths involved and the problems of reservoir permeability at
great depth will mean the more high grade magmatic type deposits will be fully exploited first.'
GEOMETRIC VARIABLES
After a certain amount of soul searching, the rather cryptic subject head of "geometric variables" was chosen as most
appropriate for this section of the paper. What we will be
considering are the virtually infinite variables that surround a
real geothermal heat source. What are these? They are the
local geology in terms of rock type or sedimentary section,
the local residuum of fluids from prior intrusive/geothermal
activity in the region, the local groundwater flow patterns,
the local fracture patterns, and all of the geologic climatic
and temporal features that have combined to result in the
specific geothermal occurence under consideration. Let us go
back to the model shown originally in Figure 1, but now
shown in more detail in Figure 7. As shown in Figure 7, there
will be a net flow of groundwater from the mountains (A)
toward the geothermal heat source (B) as the result of the
topographic features. The disposition of this water, which is
groundwater in the purest sense, is threefold. This water will
move into the valley fill zone (C). This sedimentary reservoir
of "relatively" young groundwater will be heated to some degree by means of escaping volatiles (steam, water, or C0 2 )
derived from the heat source, or by contact with conductively or convectively heated bedrock. The net result is a typical
groundwater reservoir filled with groundwater contaminated
20. Thole, Geology of the Shamrock Mine, Rhodesia - A Stratiform Copper Deposit,
71 ECONOMIC GEOLOGY 202 (1976).
21. Papadopulos, Wallace, Wesselman, & Taylor, Assessment of Onshore Geopressured Geothermal Resources in the Northern Gulf of Mexico Basin, in ASSESSMENT OF
GEOTHERMAL RESOURCES (White & Williams eds. 1975).
LONGWELL & FLINT. INTRODUCTION TO PHYSICAL GEOLOGY (1963).
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to some degree with hydrothermal fluids, the origin of which
is not simple modem groundwater. Area (C) can range from
nearly cold to a boiling fluid or steam filled reservoir, depending on the degree of folding and faulting, the stratigraphy
present in the sedimentary basin, and the rate at which heat
is being introduced into the reservoir area.

S
/

V"
v

FIGURE 7. Generalized Cross Section of Figure 1, Plus
Comments on Possible Fluid Flow. Groundwater enters along
outer fractures (A) and is mixed with expelled fluids and
stores in sediments (C) to form hot water and/or steam. Hydrothermal fluids expelled from stock (B) or heated and
modified in adjacent contact zones rise into fractured roof
area (D) to become a large hydrothermal (mineralizing fluid)
type of resource.
The second type of fluid to be considered is the fluid expelled from the upper reaches of the magma, including the
gradational contact zone intimately associated with the
crystalline mush we call magma. This fluid may have originated as groundwater, sea water, or as a prior magmatic
fluid, but it has now been circulated through the crystal
mush formation process or through the intimately associated
zones of metamorphism at least once. The quantity of fluid
involved can be very large. A siliceous intrusive when crystalline and cold is generally of the order of one percent water.
When molten, this same magma may contain in excess of five
to ten percent water. Thus, upon cooling, literally cubic miles
of hydrothermal fluids can be expelled from a granitic stock.

https://scholarship.law.uwyo.edu/land_water/vol13/iss1/2
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The literature describing this phenomenon and the attendant
conflicting theories has been well established for some time
and these processes continue to be accepted geologic concepts.2 Key papers were written by Hutton in 1778,1 Werner in 1791, Beumont in 1847,26 Emmons in 1886,17 Van
Hise in 1901, and Lindgren in 1907.9 The concepts of Beumont and Van Hise are perhaps the most widely used by
present day geothermal practitioners.
The hydrothermal "ore-forming" type of fluids are clearly the result of petrologic processes and their heat content is
the result of igneous and metamorphic phenomena. From
here on, however, the situation rapidly deteriorates into geologic confusion in so far as the origin of the fluids is concerned in a deposit such as that shown in Figure 7. We can
expect broad convective systems adjacent to and overlying
D ESCNDN
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FIGURE 8. Some Common mixtures of Water to Expect at a
Geothermal Deposit. (Which is produced by any given well
31
depends on local structural geology.)

23. Hutton, Theory of the Earth in TRANSACTIONS OF THE ROYAL SOCIETY OF
24.
25.
26.
27.

EDINBURGH (1788); LINDGREN, ORE DEPOSITS (1913).
Hutton, supra note 23.
WERNER, NEu THEORIE VON DER ENTEHUNG DER GANGE (1791).
BEUMONT, NOTE SUR LES EMANATIONS VOLCANICS ET METALLIFERES (1847).
Emmons, The Genesis of Certain Ore-Deposits, 15 AIME TRANSACTIONS 125
(1887).

28.

Van Hise, Some Principles Controlling the Deposition of Ores, 30 AIME TRANS-

ACTIONS 27 (1901).
29. LINDGREN,ORE DEPOSITS (1913).
30. Austin, Selection Criteria for Geothermal Prospects in AIME PACIFIC SOUTHWEST
MINERAL INDUSTRY CONFERENCE (1966).

Published by Law Archive of Wyoming Scholarship, 1977

13

Land & Water Law Review, Vol. 13 [1977], Iss. 1, Art. 2

LAND AND WATER LAW REVIEW

Vol. XlIII

the geothermal heat source, shown as zone (D). These can be
very high-grade geothermal deposits, and as such will range
from relatively unmixed simple groundwaters through conate
fluids of expelled magmatic volatiles. The point made here is
that these processes are completely gradational and each case
must be looked at in detail. Figure 8 presents a summary of
the more common combinations of fluids which can be expected in the field.
Geothermal deposits are characterized in the literature today in three different ways, reflecting the three main points
of view of studying such deposits. One set of terminology
would be that based on heat source, i.e., granitic stock, basaltic magma, etc.31 A second set would be based on the type of
fluid or heat transfer system, vapor dominated, hot water and
hydrothermal convection,32 and a third approach is to develop a set of terminology based on the locality studied, i.e.,
Larderello type, Amiata type, etc.33 What should be clearly
born in mind is that the number of fundamentally different
types of heat sources is very small and they are seen to occur
on a worldwide basis (i.e., granitic stocks, the phenomena associated with plate tectonics, etc.), but the actual details of
each specific field are the result of the specific local geology
in response to the emplacement of a heat source or the accumulation of heat as the result of some localized geologic
phenomena.
EXPLORATION
In broad simple terms, geothermal exploration consists of
looking for heat by means of remote sensing or heat flow
studies; looking for the heat source per se by means of delayed wave arrivals, magnetic and gravity studies; looking for
the heat transfer fluid, if any, by means of seismicity and resistivity; looking for the results of fluid passage expressed as
alteration patterns and mineral deposition; or looking for the
effects of heat passage in the form of thermal metamorphism
or fluid geochemistry. Rather than attempt these methods
and processes singly or in combination at random locations,
fundamental assumptions are made as to what constitutes a
geothermal prospect. For example:
31. Austin, Austin & Leonard, supra note 9.
32. White, Muffler, & Truesdell, Vapor-Dominated Hydrothermal Systems Compared
With Hot Water Systems, 66 ECONOMIC GEOLOGY 75 (1971).
33. GEOTHERMAL RESOURCES, supra note 1.

https://scholarship.law.uwyo.edu/land_water/vol13/iss1/2
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Geothermal prospects are areas of steam emission,
hot-water emission, fumarolic- and volcanic-type gas
emissions (other than from active volcanoes or contemporary lava flows), mineral springs of any temperature, mineral deposition indicating young-to-recent
liquid and gas leakage of the preceeding types, and
young intrusions at modest depths, with emphasis on
domes and caldera structures.3 4
A combination of geologic mapping and geologic recon.
naissance using satellite photogeology for structure identification, especially eliptical or circular fracture patternsi-is the
best route to achieve sites for follow-on detailed geophysical
studies.
Problems geophysically are that no one single method
appears diagnostic of a geothermal deposit. Does the resistivity low mean heat, salinity, or mineral deposition? Does a
magnetic high mean a heat source which has magnetite within
it or as deposits surrounding it, or should a geothermal prospect be a magnetic low because of destruction of magnetic
minerals as a result of hydrothermal alteration? To overcome
these uncertainties, combinations of methods are employed,
but exploration for geothermal deposits remains a high risk
venture. The only reasonably certain exploration method is
to drill a hole and see what comes out. Since this is expensive,
preliminary geology and geophsics are warranted to ensure
that there are a minimum of unpleasant surprises and a maximum chance exists for production upon completion of drilling.
PRODUCTION AND UTILIZATION

Geothermal fluids are produced for many reasons. These
fluids may be used for irrigation, culinary water, medicinal
uses, religious uses, heating, production of chemicals, and
production of electric energy. Which uses dominate or are
economically attractive depends on the geographic location
of the deposit, the local need for the products, and the available technology. The literature of these uses is growing .3
Electric generation for the purpose of offsetting combustion
34. Austin, Selection Criteria for Geothermal Prn.nects, supra note 30.
35. GEOTHERMAL ENERGY (Kruger & Otte eds. 1903'llis, Geothermal Systems and
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of fossil fuels is perhaps the most publicly noticed concept
in the Western United States. However, the other uses are
gaining in importance as well. 6 Uses are based on transmitting the heat from the reservoir to the site of intended utilization by means of some working fluid. This fluid may be used
per se or allowed to change to a vapor phase, or it may be
passed through a heat exchanger. In the case of power generation, small reciprocating units have given way to turbines
vented to the atmosphere and now to turbines vented to condensers. An environmental and engineering problem is the extreme agressiveness of the noncondensibles vented from most
geothermals, especially when allowed to combine with atmospheric oxygen as vapors or mists. These steadily ruin equipment and facilities from the outside inward while scaling,
erosion, and stress corrosion ruin equipment from the inside
out.3 7 Gasses, vapors, mists, and dusts are expelled from
plants to create environmental problems, not to mention the
visual impacts of geothermal plants, problems of waste water
disposal, and the audible impact of exploration and production.38 The -thrust of engineering technology development today is largely aimed at being able to work with lower temperature fluids (more abundant) and with chemically more agressive fluids (more abundant at high temperatures, i.e., genetically more nearly hydrothermal ore depositing fluids in composition).
The problems of finding and producing geothermal energy are real and should not be glossed over. The opportunities,
however, are tremendous, and the rewards, both financial and
in terms of freedom from imported hydrocarbon fuels, are
well worth pursuing.
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